An ab initio theoretical study of the optical absorption spectrum of Ni 2ϩ -doped MgO has been conducted by means of calculations in a MgO-embedded ͑NiO 6 ) 10Ϫ cluster. The calculations include long-and short-range embedding effects of electrostatic and quantum nature brought about by the MgO crystalline lattice, as well as electron correlation and spin-orbit effects within the ͑NiO 6 ) 10Ϫ cluster. The spin-orbit calculations have been performed using the spin-orbit-CI WB-AIMP method ͓Chem. Phys. Lett. 147, 597 ͑1988͒; J. Chem. Phys. 102, 8078 ͑1995͔͒ which has been recently proposed and is applied here for the first time to the field of impurities in crystals. The WB-AIMP method is extended in order to handle correlation effects which, being necessary to produce accurate energy differences between spin-free states, are not needed for the proper calculation of spin-orbit couplings. The extension of the WB-AIMP method, which is also aimed at keeping the size of the spin-orbit-CI within reasonable limits, is based on the use of spin-free-state shifting operators. It is shown that the unreasonable spin-orbit splittings obtained for MgO:Ni 2ϩ in spin-orbit-CI calculations correlating only 8 electrons become correct when the proposed extension is applied, so that the same CI space is used but energy corrections due to correlating up to 26 electrons are included. The results of the ligand field spectrum of MgO:Ni 2ϩ show good overall agreement with the experimental measurements and a reassignment of the observed E g (b 3 T 1g ) excited state is proposed and discussed.
I. INTRODUCTION
The Ni 2ϩ -doped MgO lasing material has been extensively studied using spectroscopic techniques, [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] mainly because the Ni 2ϩ substitutional defect is in a rigid, highly symmetrical site, which reduces the complications of the spectral analysis and makes it an ideal prototypical system for testing interpretative models of the spectroscopy of Ni 2ϩ impurities in sixfold coordination in ionic crystals. Electron paramagnetic resonance, 1 optical absorption and emission, 1-9 magnetic circular dichroism, 10 excited state absorption and excited state emission, 8, 11, 12 and two-photon excitation 13 experimental studies have been conducted in this material. Theoretical models based on empirical data exist as well. 5, [14] [15] [16] Consequently, many of the features of the ground and excited local electronic states associated to the Ni 2ϩ impurity, which substitutes a Mg 2ϩ cation, are known. The detailed knowledge of most of the spin-orbit components of the ligand field local states in MgO:Ni 2ϩ and similar materials is of key importance to understand and predict laser activity. For instance, the location of the 1 E g and a 3 T 1g spin-orbit components is important since they are related to the 3 T 2g →a 3 T 1g excited state absorption ͑ESA͒, 8, 12 a loss mechanism of the laser emission which can be reduced, in order to gain laser efficiency, by lowering the overlap between the emission and the ESA bands upon cooling. Also, higher ligand field states, like a 1 T 2g , can be involved in cross relaxation processes which appear at high impurity concentrations and can be used in order to gain laser efficiency. 9 However, as it is well known, no single experimental technique gives nor is expected to give all the information about the whole set of interesting local electronic states; on the contrary, all of them are used, in a complementary way, in order to draw as much information as possible. Along this line, the importance of a close collaboration between experimentation and theory in order to facilitate new achievements in the field of doped materials is openly accepted. 17 In this respect, ab initio calculations, which have been shown to provide reliable structural and spectroscopic information for molecules in the gas phase along the years, ͑sometimes overlapping the experimental one and some times complementing it,͒ should be of use as another source of complementary information in this kind of solid state materials. This can be expected as a consequence of last years' developments in embedding techniques which allow to include environmental effects into an otherwise isolated cluster with a high degree of reliability. 18 However, in contrast to the abundance of experimental studies, ab initio calculations on the local structure and electronic spectrum of MgO:Ni 2ϩ have not been reported to date, to our knowledge.
From the ab initio point of view, the spectroscopy of MgO:Ni 2ϩ poses a challenge, since its study requires a balanced description of electron correlation and spin-orbit effects within the cluster formed by the Ni 2ϩ impurity and its first O 2Ϫ coordination shell, as well as of embedding effects brought about to the cluster by the surrounding crystalline lattice. In effect, the importance of electron correlation in order to understand the electronic structure of transition metal impurities in ionic crystals is out of the question. 19 Also, the spin-orbit splittings are a relevant part of the electronic spectra of Ni 2ϩ impurities in ionic crystals 13 and, although in this case the spin-orbit effects could probably be handled by perturbation techniques, they could hardly be neglected. Finally, evidences are being accumulated that embedding effects are important for a reliable description of the electronic spectra of this kind of doped solid state materials, both because of their direct effect on the transition energies and because of their indirect effect through the ground and excited states equilibrium structures. [20] [21] [22] In particular, the ab initio calculation of the absorption spectrum requires the knowledge of the ͑NiO 6 ) 10Ϫ cluster geometry in its ground state; however, although it could be attainable through x-rayabsorption near-edge structure ͑EXAFS͒ measurements, 23 it is presently unknown. Moreover, the calculation of the emission spectrum and of excited state absorption spectra requires, in addition, the knowledge of the cluster geometry of excited states, 24 which are not accessible directly by experimental techniques. If these geometries are to be calculated with ab initio methods, the use of proper embedding is compulsory. 22, [25] [26] [27] The first goal of this paper is to present the results of ab initio embedded-cluster calculations on the electronic spectrum of substitutional Ni 2ϩ defects in bulk MgO. The calculations have been performed on a ͑NiO 6 ) 10Ϫ cluster which has been embedded in an ab initio model potential representation of the MgO lattice according to the prescriptions of Refs. 25 and 28. This embedding incorporates, into the cluster, lattice effects of electrostatic nature ͓long-range ͑Made-lung͒ and short-range Coulomb effects͔ and of quantum nature ͑exchange and cluster/lattice orthogonality effects͒. The energies of the ground and excited states of the MgOembedded ͑NiO 6 ) 10Ϫ cluster have been obtained in complete-active-space self-consistent-field ͑CASSCF͒ 29 and average coupled-pair functional ͑ACPF͒ 30 calculations, correlating up to 26 valence electrons. Scalar relativistic effects ͑mass-velocity and Darwin͒ have been included by means of the Cowan-Griffin-based 31 ab initio core model potential method, CG-AIMP. 32, 33 Spin-orbit relativistic effects have been incorporated through the Wood-Boring-based 34 AIMP method, WB-AIMP, which has been recently proposed as a means to reliably and economically include spin-orbit effects in ab initio molecular calculations. 35, 36 The second goal of this paper is to propose and use a further development of the WB-AIMP method, 36 designed in order to improve the spin-orbit couplings between spin-free states. In effect, a good description of the relative energy of the spin-free states is necessary in order to properly describe the spin-orbit splittings in ab initio calculations in systems where spin-orbit is not a very small perturbation. This description often requires large multiconfigurational expansions. Some authors handle this problem by building a spinorbit-CI matrix on a small basis of spin-free CI wave functions ͑usually several hundreds͒ which already includes as much electron correlation as possible; 37 then, perturbation techniques are used to include the effects of the remaining configurations both in spin-orbit and electron correlation effects. On the other hand, in spin-orbit methods in which the electron repulsion and spin-orbit operators are simultaneously included in the spin-orbit-CI matrix, 38, 39 as it is the case of the WB-AIMP method used here, 36 the inclusion of the necessary correlation effects leads very often to unmanageable large CI matrices. We propose and use, in this paper, a simple and efficient technique, based on the use of spinfree-state shifting operators, aimed at correcting for correlation effects not considered at the spin-orbit-CI level, while keeping the size of the CI matrix manageable. It is shown here that, while spin-orbit-CI calculations correlating only 8 electrons of the ͑NiO 6 )
10Ϫ cluster lead to wrong spin-orbit splittings, these are corrected by the proposed technique in spin-orbit-CI calculations of the same size; this success is achieved by incorporating corrections resulting from spinfree calculations correlating 26 cluster valence electrons.
In Sec. II we summarize the method used for the present calculations and describe the proposed extension of the WB-AIMP method, as well as details of the calculations. The results are discussed in Sec. III and the conclusions appear in Sec. IV.
II. METHOD AND DETAILS OF THE CALCULATIONS
The optical spectrum of Ni 2ϩ -doped MgO is mainly due to Ni 2ϩ impurities which substitute Mg 2ϩ ions in the center of an octahedron of O 2Ϫ ions. It corresponds to transitions between spin-orbit components of electronic states localized in the Ni 2ϩ impurities and in their first coordination shell of O 2Ϫ , which are mainly affected by the bonding interactions between these ions but also influenced by the environmental effects brought about by the rest of the MgO ionic lattice. Consequently, we performed ab initio calculations in several low lying electronic states of a MgO-embedded ͑NiO 6 ͒ 10Ϫ cluster, which include intracluster electron correlation and spin-orbit interactions, as well as electrostatic and quantum environmental effects on the cluster. Next we summarize the methods used for this embedded cluster calculations.
A. The AIMP embedding technique
In this subsection, we summarize the main features of the ab initio model potential embedding technique used here, which is a practical implementation of the group function theory developed by McWeeny 40 ͑in the context of intermolecular interactions͒ and Huzinaga 41 ͑in the context of frozen-core molecular calculations͒ to the study of local properties of imperfect crystals. It has been presented in Refs. 25 and 28 for ab initio calculations on clusters embedded in unpolarized, unrelaxed, frozen ionic lattices, and extended in Ref. 27 in order to embed clusters, when necessary, in relaxed, dipole polarized ionic lattices, making use of the empirical shell-model description of the lattice. 42 Assuming that the local structure and the ligand-field absorption/emission electronic transitions in Ni 2ϩ -doped MgO are dominated by the interactions within a ͑NiO 6 ) 10Ϫ unit ͑cluster͒ including electron correlation and spin-orbit effects, and by nondynamical quantum mechanical interactions between this unit and the rest of the ionic lattice ͑envi-ronment͒ such as long-and short-range Coulomb, exchange, and orthogonality interactions, and that they should not be affected by correlation effects between the ͑NiO 6 ) 10Ϫ cluster and the environment, a good approximation for the wave function of the imperfect crystal local states is, according to McWeeny
where M is a normalization constant, Â is an intergroup antisymetrizer, ⌽ (NiO 6 ) 10Ϫ is the antisymmetric embeddedcluster wave function, describing N clus electrons, which can be any suitable mono-or multiconfigurational expansion, and ⌽ Mg 2ϩ, ⌽ O 2Ϫ are wave functions describing all the Mg 2ϩ and O 2Ϫ components of the environmental crystalline lattice. This approximation leads, when the embedded group functions are strong-orthogonal, 40 to a partitioning of the crystal total energy in terms of environment energy, cluster energy and interaction energy between cluster and environment. The last two terms include all the direct dependencies on the cluster nuclei and wave function, and read
where ␣ runs over the cluster nuclei, runs over the environmental ions, i runs over 's electrons, the first term in the right hand side is the repulsion between nuclei in the cluster and in the environment, the second is the attraction between the cluster nuclei and the environmental electrons, and the third one is the interaction between the cluster electrons and the entire crystal, Ĥ embϪ(NiO 6 ) 10Ϫ being the embedded-cluster Hamiltonian.
The two first terms in the right hand side of Eq. ͑2͒ are simple to calculate once frozen wave functions for the environmental ions are known. Minimizing the third term leads to the variational embedded-cluster wave function ⌽ (NiO 6 ) 10Ϫ. In order to do so, we use the restricted space variational method of Huzinaga 41 and, in addition, we adopt the AIMP approximation for environmental Coulomb and exchange operators; 25, 28 in this way, the variational procedure is performed simply by using standard molecular ab initio methods, ͑in this paper they are CASSCF 29 and ACPF 30 calculations including spin-free relativistic effects by means of the Cowan-Griffin based ab initio model potential method CG-AIMP, 32, 33 as well as spin-orbit-CI 39 calculations including in addition spin-orbit effects by means of the WB-AIMP method 36 ͒ and the following embeddedcluster Hamiltonian
Here, V lr (i) is the long-range embedding potential originated by the lattice ion on the cluster electron i, which is in this paper
Q being the ionic charge (Q Mg 2ϩϭ ϩ2, Q O 2Ϫϭ Ϫ2,͒ located at the lattice ionic sites, and the corresponding shortrange embedding potential is
The first term in the right hand side of Eq. ͑5͒ is the shortrange Coulomb model potential originated by the environmental ion ; its parameters C k and ␣ k in an arbitrary number, are calculated by a least-square fitting to the true shortrange Coulomb potential, (Q ϪZ )/r i ϩĴ (r i ),Ĵ being the one-electron Coulomb operator associated to the manyelectron wave function of ion , ⌽ . The second term is the exchange model potential of ion ; it is the spectral representation of the negative of its true exchange operator, ϪK , on the subspace defined by the set of primitive Gaussian functions ͉alm;͘ used in the expansion of its occupied orbitals, c In consequence, the A l;ab coefficients are the elements of the matrix A resulting from the transformation
where S is the overlap matrix on the quoted subspace, and K is the matrix of K in the same subspace. The third term in the right hand side of Eq. ͑5͒ is the projection operator of ion , originated by the restricted variational treatment, 41 which is responsible for preventing the collapse of the cluster wave function onto the environmental ion ; c is the orbital energy of the embedded orbital c , and the index c runs over the occupied orbitals. As corresponding to the AIMP main idea, 43 all three terms in Eq. ͑5͒ are calculated directly from known c orbitals without resorting to any kind of parametrization procedure in terms of a reference, such as those followed in pseudopotential theory. In order to produce all the necessary data for the short-range embedding model potentials ͓Eq. ͑5͔͒, a preliminary 
B. The cluster Hamiltonian
We use core ab initio model potentials 32, 33, 36, 43 for the cluster components, so that the isolated cluster Hamiltonian contribution to Eq. ͑3͒ may be written
where N val is the number of valence electrons in the ͑NiO 6 ) 10Ϫ cluster, with the one-electron contribution being, in general,
Here, Z core Ni and Z core O are the number of core electrons of nickel and oxygen which are arbitrarily frozen, and V core-AIMP Ni (i) and V core-AIMP O ͑i) are the respective one-electron core ab initio model potentials. These are
The first three terms of the right hand side of Eq. ͑9͒, which are the spin-free part of the core AIMP, are calculated using the whole set of chosen atomic core orbitals, ͕ c I ͖, in exactly the same way as the components of Eq. ͑5͒ are obtained from the whole set of environmental ion orbitals, with the only exception that the ͉alm;IϾ set is now the one formed by all the primitive Gaussian functions used in the valence-only embedded-cluster calculation which are centered on nucleus I. If the source of core orbitals is an atomic nonrelativistic Hartree-Fock calculation, the result is a nonrelativistic core AIMP. If the source is an atomic relativistic CowanGriffin-Hartree-Fock calculation 31 instead, the result is a spin-free relativistic CG-AIMP; in this case, however, the coefficients in the second term are rather calculated by means of
where V mvϩDw I is the matrix of the relativistic mass-velocity and Darwin potentials 31, 36 corresponding to the valence of atom I on the basis of the ͉alm;I͘ primitives.
The fourth term in the right hand side of Eq. ͑9͒ is the spin-orbit component of the model potential, WB-AIMP. 36 It is evaluated using all the orbitals resulting from a relativistic Cowan-Griffin-Hartree-Fock atomic calculation and it is added to the spin-free relativistic CG-AIMP.
C. The spin-free-state-shifted cluster Hamiltonian
It is known that a good description of the relative energy of the spin-free states of a given system ͓say ⌽(iSM S ⌫␥), i being an ordinal number, S, M S the spin quantum numbers and ⌫, ␥ the spatial point group irreducible representation and subspecies, respectively,͔ is necessary in order to reliably describe spin-orbit splittings in ab initio spin-orbit-CI kind of calculations. 37 This requires very often the inclusion of large amounts of electron correlation at the same time that spin-orbit effects, which poses major problems to spinorbit-CI algorithms 39 since the symmetry breaking leads to much larger matrices than those required in spin-free-CI algorithms. As a consequence, spin-orbit-CI calculations are in practice much more restricted than spin-free-CI calculations in terms of electron correlation.
On the other hand, whereas the size of the spin-orbit effects is governed by two factors, namely, the size of the spin-orbit couplings between the ⌽(iSM S ⌫␥) states and their energy differences, one can expect that they both demand a different degree of quality in the spin-free wave functions. In particular, a CI space S leading to a set of ⌽ S (iSM S ⌫␥) spin-free-CI wave functions, with spin-free eigenvalues E S (iS⌫), which are good enough for the calculation of the spin-orbit couplings could not be sufficient to attain a similarly good description of the spin-free electronic spectrum, which could eventually be very demanding in terms of electron correlation effects and require a larger CI space, say R. where E R ͑G.S.͒ and E S ͑G.S.͒ are the spin-free-CI energies of a common given state ͑usually the ground state͒ corresponding to the R and S CI spaces, respectively. This Hamiltonian, if the spin-orbit operator is neglected, leads within the CI space S to the ⌽ S (iSM S ⌫␥) wave functions but to the ͓E R (iS⌫) Ϫ E R ͑G.S.͔͒ energy differences, that is, to spin-free wave functions and energy differences of the desired quality for a proper calculation of spin-orbit splittings. Eq. ͑12͒ requires the knowledge of the E R (iS⌫)ϪE R ͑G.S.͒ values; they may be calculated by means of spin-free methods able to take full advantage of the spin symmetry and capable of handling the CI space R, supposedly unreachable by the spin-orbit-CI technique in use. ͑Alternatively, they could be taken from experimental data if the spin-orbit contributions could be removed by an averaging procedure, which is sometimes possible, but often full of arbitrariness and not very reliable. 46 ͒ The set ⌽ S (iSM S ⌫␥) and E S (iS⌫) can be calculated either in a preliminary run of the spin-orbit-CI codes neglecting the spin-orbit operator or by using a spin-free-CI code.
In practice, the sum on Eq. ͑12͒ must be limited to a small number of spin-free states which would depend on the particular problem; it seems reasonable to think that they must include all the sates of interest and those above them within a chosen energy threshold. In this paper we extend it to all the spin-free states resulting from the configurations t 2g
x e g y ,xϩyϭ8,t 2g and e g being the molecular orbitals of the (NiO 6 ) 10Ϫ cluster with main character Ni͑3d͒. We would like to mention here that the details of this method, proposed in order to improve the quality of the computed spin-orbit splittings while limiting the calculations to manageable CI spaces, are different to the ones of the CIPSO method proposed by Teichteil et al., 37 and that the meaning of the corrections are not fully equivalent. However, the idea behind the use of the spin-free-state-shifted Hamiltonian proposed here is exactly the one in Ref. 37 .
D. Details of the calculations
All the calculations presented in this paper are performed on a ͑NiO 6 ) 10Ϫ cluster embedded in a set of 722 Mg 2ϩ and O 2Ϫ m AIMP embedding potentials described in Sec. II A, which lie within a cube of length equal to four unit cells (4 a 0 ) centered on the Ni 2ϩ impurity. Those of them located within cubic shells of length larger than 2 a 0 contribute only with the long-range point-charge potential, V lr (i). The ones on the cube edges contribute with fractional charges. 47 On the sites of the Mg 2ϩ nearest-neighbors of the cluster oxygens we include always a ͑10/4͒ basis set 26 which facilitates achieving a high degree of cluster/environment orthogonality.
In a first series of nonrelativistic calculations we adopted an all-electron approximation for nickel (Z core Ni ϭ0, V coreϪAIMP Ni ϭ0,͒ with the ͑14s11p5d) Gaussian basis set of Wachters 48 augmented with one d-type diffuse function 49 and a ͑3f ) polarization function 50 contracted as ͑62111111/ 4211111/3111/3͒, and a ͓He͔-core nonrelativistic AIMP approximation for the oxygens (Z core O ϭ2, V ͓He͔ϪCGϪAIMP O ,͒ with core AIMP and valence basis set taken from Ref. 43 , the latter augmented with one diffuse p function for the anion 51 and contracted as ͑41/411͒. This description has been used in Ref. 18 , where the nickel-oxygen bond distance, r e (NiϪO), has been optimized in CASSCF calculations on the 3 A 2g ground state of the embedded ͑NiO 6 ) 10Ϫ cluster, using 8 electrons in an active space defined by the t 2g and e g molecular orbitals with main character Ni͑3d͒, the result being r e (NiϪO)ϭ2.144 Å .
Using the optimized local structure and the same basis sets, we have calculated the nonrelativistic ligand field absorption spectrum including electron correlation effects by means of the approximately size-consistent ACPF method, using the same active space as in the CASSCF calculation and correlating 26 electrons, 16 occupying the molecular orbitals resulting from the CASSCF( 3 A 2g ) calculation of main character Ni(3s,3p,3d), plus 10 in the outermost closed shells t 2g and e g of main character O(2 p), which corresponds to the recommendations by Pierloot and Vanquickenborne 52 for ligand field transitions in this kind of systems. We will refer to these spin-free calculations as ACPF-26. They have been performed using the MOLCAS-2 package 53 for molecular electronic structure calculations and the ECPAIMP program 54 for evaluating the AIMP integrals. In a second series of relativistic spin-orbit-CI calculations, aimed at calculating the ligand field spectrum including spin-orbit effects, we adopted a ͓Mg͔-core spin-orbit WB-AIMP approximation for nickel and the same ͓He͔-core nonrelativistic AIMP approximation for the oxygens as before. For Ni, all the spin-free components of the relativistic core AIMP correspond to Ref. 33 ͑the CG-AIMP part͒ and the spin-orbit potential parameters have been obtained for Table II . For oxygen, a ͑41/41͒ valence basis set was used, in which the outermost s exponent and the two outermost p ones, as well as all the coefficients, have been optimized in MgO-embedded O 2Ϫ SCF calculations; this has been done in order to reduce the size of the cluster basis set while keeping its ability to represent the anion electron density.
These spin-orbit-CI calculations have been performed using the same reference space as in the nonrelativistic ACPF-26 calculations, and including all single and double excitations from the mainly-Ni͑3d͒ orbitals, all single excitations from the mainly-Ni(3 p) orbitals and the double excitations Ni(3p)→Ni(3d), which are known to play an important role in the relative term energies of the 3d n configurations of first-row transition metal atoms and, in particular, in Ni 2ϩ . 55 The molecular orbitals correspond to a restricted-Hartree-Fock calculation on the average state ͑E( 3 A 2g )ϩE( 3 T 2g )͒/2. We will refer to these spin-orbit-CI calculations as WB-AIMP CI͑3d 8 -SD*͒. This kind of CI space, which is in the line of the specific-CI spaces for transition energies proposed by Miralles et al., 56 is in the edge of what we are presently able to manage with the spin-orbit-CI code based on double-group symmetry adapted functions, 57 but it is however rather more limited than the spin-free ACPF-26 calculations. In order to handle at a time the correlation effects included in the ACPF-26 calculation and the spin-orbit effects included in the WB-AIMP CI͑3d 8 -SD*͒ one, we performed spin-free-state-shifted WB-AIMP calculations, sfss-WB-AIMP CI͑3d 8 -SD*͒; in these, the R level of calculation in Eq. ͑13͒ is ACPF-26, the S level is the one resulting from neglecting the spin-orbit operator in the WB-AIMP CI͑3d 8 -SD*͒ calculation, which we call CG-AIMP CI͑3d 8 -SD*͒, and the sum in Eq. ͑12͒ extends to all the spin-free states resulting from the main configurations (t 2g ,e g ) 8 .
III. RESULTS AND DISCUSSION
The results of the spin-free ligand field absorption spectrum computed using the optimized local structure of the ͑NiO 6 ) 10Ϫ embedded cluster 18 are presented in Table III as well as in the first and last columns in Fig. 1 . Our best spinfree calculation, nonrelativistic ACPF-26, is used as a reference for the calculation of the ␦(iS⌫) shifting factors, Eq. ͑13͒, also presented in Table III . These ␦(iS⌫), according to Eq. ͑12͒, will correct the relative energies of the spin-free CG-AIMP states when they mix in the WB-AIMP calculation as a consequence of the spin-orbit operator. The main effects of the ACPF-26 calculation compared to the simpler CI͑3d 8 -SD*) one is reversing the order of the lowest 3 T 1g and 1 E g , as well as that of the higher 3 T 1g and 1 A 1g ; these effects will have a significant consequence in the spin-orbit splittings, as we comment below. In Table III 11 and two-photon excitation 13 experiments, which adopted Low's assignments. The a 1 A 1g state has not been measured again, to our knowledge. The same is true for the rest of the excited states. Our results agree fairly well with the measurements, the deviations being very reasonable and growing up towards larger energies in accordance with a poorer description of the correlation effects in the higher states. The a 1 A 1g and b 3 T 1g states are the only exceptions, showing larger deviations and the opposite ordering. Since there is no apparent reason for this strange behavior, we think that the assignments of these two bands should be reversed ͑we will further justify this below͒, in which case the overall agreement remains good and the exceptions disappear.
The results of the spin-orbit ligand field absorption spectrum computed by means of the WB-AIMP method using the CI͑3d 8 -SD*) wave functions are presented in Table  IV and in Fig. 1 8 -SD*͒, the order of states turns out to be correct and the overall description of the spin-orbit components is good. In effect, although the spin-orbit splittings are overestimated as a rule, the relative location of the states is well described and the one to one correspondence between the theoretical energies and the experimental ones is more than reasonable. The largest deviation ͑2400 cm Ϫ1 ) is in the E(b 3 T 1 ) state, the only observed spin-orbit component of the b 3 T 1 . We should mention now that the analysis by Campochiaro et al. 13 of the results of the two-photon excitation measurements, whose selection rules for single frequency experiments allow to observe spin-orbit components of all of the excited states as well as to distinguish different components by means of their different polarization, was able to interpret the long-known spectrum in much detail. In consequence, we do not comment here on all the previous studies facing the assignment problem, and we rather refer only to Campochiaro's et al. work, 13 which represents the present status of the assignments of the ligand field states in MgO:Ni 2ϩ . According to Ref. 13 , all of the assignments which have been made are rather unquestionable, except for the one to the components of the b 3 T 1 , which has been stated as ''puzzling'' by the authors, since the zero-phonon line at 23 897 cm Ϫ1 ͑Franck-Condon center at 24 587 cm Ϫ1 )
shows a polarization which is in agreement with an assignment to an E state, but no lines appear at slightly higher energies in spite of the fact that one would expect to see the T 1 and T 2 components as well according to the selection rules. 13 The authors suggest as a possible explanation that the proximity to a charge-transfer transition could broaden the higher-energy features. 13 In this respect, our calculations suggest the possibility that the 24 587 cm Ϫ1 absorption corresponds to the A 1 ( 1 A 1 ) component. This possibility is in agreement with its polarization, since both T 2 →A 1 and T 2 →E show the same one. But at the same time it would explain the fact that no feature is observed in its nearby higher-energy side, since the next state, the E( 3 T 1 ), would appear some 1500-2000 cm Ϫ1 above it, perhaps masked by the charge-transfer transition. ͑Note that Low's reported band at 24 500 cm Ϫ11 should correspond, according to this interpretation, to the 1 A 1 state, but he also reports another one at ϳ25 950 cm Ϫ1 which could be due to the components of the b 3 T 1 .͒ We must note that the assignment suggested by our ab initio calculations may hardly originate from much simpler crystal field theory calculations performed by several authors, 1, 3, 10, 13 which tend to predict the 1 A 1 state to be very close to the 1 T 2 if the relative location of 1 E and a 3 T 1 which is observed in this case has to be fulfilled. The weak point of our suggestion, based only on energy difference arguments, comes from the relative intensities in the two-photon excitation experiments, since the intensity calculations by Campochiaro et al. 13 lead to a negligible value for the A 1 ( 1 A 1 ) absorption, which runs against the suggested assignment. In this respect, we may comment that the intensities calculated in Ref. 13 3 T 1 cannot be justified by intensity arguments exclusively. We must note that Campochiaro et al. claim inadequacy of the theoretical model used for the intensity calculations and comment several inconsistent results, such as the fact that the 1 T 2 was precited to have the highest intensity of any of the ligand field transitions. We should join their suggestion for the need of more sophisticated theoretical studies. We think that the present work goes in that direction, at least in what respects to the energy features of the spectrum, and that theoretical efforts on intensity calculations are indeed needed.
IV. CONCLUSIONS
An ab initio theoretical study of the optical absorption spectrum of Ni 2ϩ -doped MgO has been conducted by means of calculations in a MgO-embedded ͑NiO 6 ) 10Ϫ cluster. The calculations include long-and short-range lattice embedding effects of electrostatic and quantum nature brought about by the MgO crystalline lattice as well as electron correlation and spin-orbit effects within the ͑NiO 6 ) 10Ϫ cluster. The spinorbit calculations have been performed with the recently proposed WB-AIMP method, 36 this being its first application to the field of doped crystals. The WB-AIMP method, which is based on spin-orbit-CI calculations, 39 has been extended here in order to be able to correct for those correlation effects which could be necessary in order to produce proper energy differences between spin-free states while unnecessary for the proper calculation of spin-orbit couplings. This extension of the WB-AIMP method, which is also aimed at keeping the size of the spin-orbit-CI within reasonable limits, is based on the use of spin-free-state shifting operators.
The results of the ligand field spectrum of MgO:Ni 2ϩ
show a good overall agreement with the experimental measurements, both in the broad band transitions ͑spin-free͒ and in their spin-orbit components. The spin-orbit splittings are overestimated with the present method, but within reasonable limits, the resulting image being coherent in the ordering of states and in their relative separations, in spite of the fact that many of them are compressed in narrow energy windows. The fact that the ab initio results presented here lead to a balanced description of the whole set of spin-orbit ligand field states allows us to suggest that the existing assignment of the E(b 3 T 1 ) state should be reconsidered as the A 1 ( 1 A 1 ) one; the consistency of this suggestion with available intensity calculations has been discussed.
